Peptide antibiotics may serve a key protective role in the host defense. They are participants in the innate immune system (nonadaptive immune system), acting as effector molecules with the capacity to kill a broad spectrum of microorganisms (6) . In contrast to highly specific adaptive immunity, the innate immune system provides a rapid and nonspecific response and thereby contributes to the first line of defense. The first peptide antibiotics were discovered in the 1980s when cecropins were isolated from insects (25) and defensins were isolated from rabbit macrophages (24) . Numerous antimicrobial peptide antibiotics occur in nature, and over a dozen have been identified in humans, including several salivary histatins, lactoferricin, six ␣-defensins, two ␤-defensins, and the human cationic antimicrobial protein hCAP18.
hCAP18, the C-terminal domain of which is called LL-37, has been isolated from specific granules of human neutrophil granulocytes and is structurally distinct from the defensins (9, 15) . hCAP18 belongs to the cathelicidin family of proteins characterized by a conserved cathelin proregion and a variable antibacterial peptide in the C-terminal domain. The gene for hCAP18, named CAMP, is the only member of the cathelicidin family so far identified in humans. CAMP appears to have a restricted spatial expression pattern and has thus far been reported to be produced constitutively only in bone marrow, in testis, and in airway epithelium and to be upregulated in skin epithelium in association with inflammation (1, 5, 12) . The promoter region of the CAMP gene contains potential binding sites for the transcription factors, the acute-phase response factor, and the nuclear factor for interleukin-6 (IL-6) (15). IL-6 regulates the activation of these two transcription factors, indicating that this cytokine may play an important role in modulating CAMP gene expression (2, 3) . IL-6 is a multifunctional cytokine involved in various inflammatory responses and is consistently found in association with infectious processes (22) .
Epithelia serve a critical role in separating the organism from the environment. In addition to providing fundamental physical and mechanical shields, epithelia function as active immunological organs by presenting antigens and producing cytokines (7) , and epithelia are, in fact, able to produce antibacterial peptides (5, 16, 23) . Thus, different members of the defensin family are encountered in several human epithelia and are induced by human keratinocytes in culture (16, 19, 30) ; a recent study by Bals et al. described the expression of hCAP18 in airway epithelium (5) . We have previously shown that hCAP18 is produced in human epidermis in association with a variety of inflammatory disorders (12) . These findings led us to suggest that hCAP18, although not constitutively expressed in the epidermis, is induced nonspecifically in response to inflammation. The present study further delineates the expression of hCAP18 in nonkeratinizing human squamous epithelia, and we report here that hCAP18 was consistently expressed at both mRNA and peptide levels in squamous epithelia of the buccal mucosa, tongue, esophagus, cervix, and vagina. In all tissues the expression of hCAP18 colocalized with the immunoreactivity for IL-6, a finding which is noteworthy in view of the potential role for this cytokine in modulating hCAP18 gene expression. Our findings suggest the presence of a powerful antimicrobial defense system at the epithelial interfaces and a putative local mechanism for its regulation.
MATERIALS AND METHODS
Tissues. Formalin-fixed and paraffin-embedded archival human tissues, including samples from the buccal mucosa (n ϭ 3), tongue (n ϭ 2), esophagus (n ϭ 2), cervix (n ϭ 5), and vagina (n ϭ 3), were obtained from the Department of Pathology, Karolinska Hospital, Stockholm, Sweden. All material was obtained at surgery ( Table 1) .
Preparation of RNA probes. A 435-bp hCAP18 full-length cDNA (9) was subcloned in Bluescript KS 11 and, after linearization with BamHI and EcoRI, was used as a template for in vitro transcription to generate 35 S-labeled antisense and sense probes. After transcription, the RNA probes were ultrafiltered (Micron 100; Amicon, Inc., Beverly, Mass.) before hybridization.
Northern analysis. To ascertain the specificity of the probe derived from full-length hCAP18 cDNA, we performed a Northern analysis by using a multiple-tissue Northern blot containing poly(A) ϩ RNA from samples from the stomach, thyroid, spinal cord, lymph node, trachea, adrenal gland, and bone marrow (Clontech Laboratories). The quality of the blot was confirmed through hybridization with cDNA probes detecting ubiquitously expressed transcripts. Prehybridization and hybridization with a randomly 32 P-labeled cDNA probe for hCAP18 were performed according to the manufacturer's instructions. The blots were washed at 0.1ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate)-0.1% sodium dodecyl sulfate at 65% and, after overnight autoradiography, were evaluated with a phosphorimager system (Fuji Bas 1000).
In situ hybridization. In situ hybridization was performed essentially as described earlier (26) . Briefly, 5-m sections were hybridized overnight with 2.5 ϫ 10 6 to 5.0 ϫ 10 6 cpm of 35 S-labeled RNA probes at 55°C. After hybridization, the slides were washed under stringent conditions that included incubation with 50 g of RNase A (Sigma) per ml for 30 min at 37°C and were processed for autoradiography. Autoradiographic exposure was for 3 to 4 weeks.
Immunohistochemistry. (i) hCAP18. Protein A-purified antibodies raised in rabbits against recombinant hCAP18 were used at a 1:500 dilution (27) . Deparaffinized, rehydrated sections were treated with 1% H 2 O 2 in methanol for 30 min at room temperature to quench endogenous peroxidase activity. After being rinsed in phosphate-buffered saline, the sections were microwave treated twice for 5 min. All sections were stained according to the indirect peroxidase method (17) by using a Vectastain ABC Elite Kit (Vector Laboratories) and following the manufacturer's instructions. Control sections from the same tissues were similarly processed except that no hCAP18 antibody was added. As an additional control, we performed immunohistochemistry as described above with rabbit serum diluted 1:500 (Dako, Copenhagen, Denmark) instead of primary hCAP18 antibody.
(ii) Immunoadsorption of hCAP18. To ascertain the specificity of the immunostaining, we performed immunoadsorption, adding 10 l of the hCAP18 recombinant protein (27) to 150 l of a 1:500 dilution of anti-hCAP18 antibody. The final concentration of the hCAP18 recombinant peptide in the reaction mixture was 33 g/ml. The mixture was preincubated at 4°C overnight with gentle shaking prior to immunohistochemical analyses according to the protocol described above. Control sections were processed according to the same protocol except that no peptide was added to adsorb the antibody.
(iii) IL-6. A monoclonal IL-6 antibody diluted 1:50 (Janssen, Beerse, Belgium) (8) was used for the immunostaining on serial sections from the same tissues. The sections were stained according to the indirect peroxidase method described above.
RESULTS
Probe specificity. Northern blot analysis confirmed the specificity of the hCAP18 probe. A single prominent message of less than 1 kb was detected specifically in bone marrow (Fig. 1) .
hCAP18 mRNA and peptide are expressed in human squamous epithelia. All tissues were reviewed by an experienced pathologist and were evaluated as listed in Table 1 . In all tissues there was a positive signal upon in situ hybridization for hCAP18 mRNA in epithelial cells (Fig. 2B and 4B and D) . In most tissues the signal for hCAP18 mRNA was more prominent in the basal layers of the epithelium and decreased toward the surface (Fig. 2B and 4B ), but in cervical tissues found to be dysplastic and inflammatory the strongest expression of hCAP18 mRNA was seen in the upper part of the epithelium toward the surface (Fig. 4D ). Sections hybridized with sense RNA probe showed a only background autoradiographic signal (Fig. 2D) . In all tissues there was immunoreactivity for hCAP18 in areas of squamous epithelium expressing hCAP18 mRNA, indicating the ability of these cells to produce hCAP18 peptide ( Fig. 2A, 3A , and 4A, C, and E). As mentioned above, in noninflammatory tissues the signal for hCAP18 mRNA was primarily detected in the basal epithelial layers, although hCAP18 immunoreactivity was also seen in occasional suprabasal cells, suggesting that under normal conditions hCAP18 is mainly transcribed in the basal epithelial layers and is then translated and transported toward the surface in the process of normal cell turnover. However, in the two dysplastic and inflammatory cervix samples, hCAP18 was strongly expressed in the outermost cell layers at both mRNA and protein levels, indicating a spatially distinct induction of hCAP18 under these conditions. In addition, in all cervix tissues there was positive signal and immunoreactivity for hCAP18 in scattered stromal cells and in the mucous glands ( Fig. 4F and G) . The stromal cells had a fibroblastic appearance but were not further characterized. As an internal positive control, strong immunostaining for hCAP18 was consistently detected in neutrophil granulocytes (not shown). Control slides without hCAP18 antibody were devoid of immunoreactivity, as were slides processed with only rabbit serum (Fig. 3B) . Immunoadsorption at 33 g of hCAP18 peptide per ml almost completely abolished immunoreactivity for hCAP18 (Fig. 3C) .
Expression of hCAP18 colocalizes with immunoreactivity for IL-6 in squamous epithelia. Since the gene for hCAP18 contains promoter elements regulated by IL-6, we performed immunohistochemistry with antibodies directed against this cytokine. In all investigated tissues, immunoreactivity for IL-6 colocalized with that for hCAP18 ( Fig. 2C and 3D) .
DISCUSSION
In the present investigation we demonstrate that the antimicrobial peptide hCAP18 is expressed at both RNA and protein levels in nonkeratinized squamous epithelia in humans. Most samples showed only minor histopathological signs of inflammation, indicating that there may be a basal constitutive expression of hCAP18 in these tissues. This contrasts with what we previously reported in human skin, where there was no detectable expression of hCAP18 in normal quiescent epidermis although there was a pronounced upregulation in association with a variety of inflammatory conditions (12) . One might argue that a continuous expression of antimicrobial activity may be more critical in epithelia lacking an outer keratinized cover. Still, hCAP18 is likely to be a regulated gene, and in the present investigation there was a spatially distinct pattern of hCAP18 production in the cervical samples exhibiting dysplasia and inflammation compared to normal noninflamed tissues (Fig. 4) . In the former case, the expression of hCAP18 was clearly upregulated in the superficial layers, creating a striking shield-like band (Fig. 4C to E) . Interestingly, in all of the cervical samples, hCAP18 was also detected in scattered stromal cells and in the mucous glands ( Fig. 4F and G) , indicating that hCAP18 may serve a key role in the defense of this organ.
The complete functional repertoire of hCAP18 remains to be fully elucidated. The C-terminal domain of hCAP18 exhibits potent antibacterial activity in vitro against both gram-positive and gram-negative bacteria, a trait which most likely reflects a major biological role for this protein (18, 20, 28) . In addition, several studies have demonstrated that hCAP18 binds to the endotoxin bacterial lipopolysaccharide, neutralizing many of its biological effects (11, 21) . Thus, hCAP18 may play a role in the protection against septic shock as was demonstrated in a pig model of endotoxemia (29) . Interestingly, the induction of defensins in the trachea is mediated by CD14 on the epithelial cell surface, further supporting a role for epithelial cells in the local host defense (10) . Besides direct effects against microbial invasion, it seems conceivable that antibacterial peptides, including hCAP18, serve additional biological roles. Thus, defensins modulate the inflammatory response through the enhancement of chemotaxis, and another peptide, NK lysin, possesses antitumor activity (4). Interestingly, a porcine homologue of hCAP18, PR-39, can induce syndecans in association with wound healing (14) . Syndecans are cell surface proteoglycans required for cellular response to growth factors and thereby important in tissue repair. It is plausible that hCAP18 plays a similar role in tissue repair processes in humans.
In all of the tissues there was a striking colocalization between hCAP18 expression and immunoreactivity for IL-6 ( Fig.  2 and 3 ). IL-6 is a proinflammatory cytokine produced by a variety of cell types, including keratinocytes. Typically, the production of IL-6 is induced in response to bacterial products and tissue damage. The regulation of the hCAP18 gene appears to be complex and remains to be fully clarified. However, the identification of several elements responsive to IL-6 in the gene promoter strongly suggests that this cytokine plays a prominent role in modulating the transcription of the hCAP18 gene. Thus, the colocalization of IL-6 and hCAP18 reported here is suggestive of a mechanism through which hCAP18 may be rapidly upregulated in epithelial cells in response to microbial or other challenges.
The existence of immediate and efficient antimicrobial defense systems in epithelial tissues seems both natural and necessary. Epithelia form the borders between the organism and the frequently hostile environment and are continuously exposed to a large variety of potential intruders. Relying solely on the highly evolved but slow adaptive immune system would not be quick enough to stop the invasion, growth, and subsequent takeover by pathogens capable of rapid division. Indeed, there is accumulating evidence that peptide antibiotics are prominent players in the protection of epithelial surfaces. Thus, the expression of hCAP18 was recently demonstrated in airway epithelium, and the peptides human beta defensin 1 and human beta defensin 2 were reported in human skin; the latter was also found to be upregulated by contact with different microorganisms (5, 13, 16 ). Our findings demonstrate that hCAP18 is widely expressed in squamous epithelia and support the notion of an innate antimicrobial shield at epithelial interfaces. The coexpression of hCAP18 with IL-6 might provide a local mechanism for modulating hCAP18 gene transcription in these tissues.
